
UNCLASSIFIED

AD NUMBER

AD857807

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution authorized to U.S. Gov't.
agencies and their contractors; Critical
Technology; JUN 1969. Other requests shall
be referred to Air Force Materials Lab.,
Attn: MAAE, Wright-Patterson AFB, OH
45433.

AUTHORITY

Air Force Materials Lab/AFSC ltr dtd 2 Mar
1972

THIS PAGE IS UNCLASSIFIED



AM--TR6O.16pi-

DESIGN ALLOWABLES FOR

0TITANIUM ALLOYS

A. W. Sommer

G. R. Martin

North American Rockwell Crporaton

JiD DDC

TECHIICAL REPORT AFI.L-TR-69-161 P 9 1%)

June 1969
B

This document is subject to special export
controls and each transmittal to foregin govern-
ments or foreign nationals may be made only with
the prior approval of Air Force Materials Lab-
oratory, M"AE W, [ght-Patterson Air Force Base,
Ohio 45433.

Air Force Materials Laboratory
Air Force Systems Command

Wright-Patterson Air Force Base, Ohio



Best
Avai~lable

Copy



NOTPICES

When goverment drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related government
procurement operation, the United States government thereby incurs no re-
sponsibility nor any obligation whatsoever; and the fact that the govern-
ment may have formulated, furnished, or in any way supplied the said draw-
ings, specifications, or other data, is not to be regarded by implication
or otherwise as in any manner licensing the holder or any other person or
corporation, or conveying any rights or permission to manufacture, use, or
sell any patented invention that may in any way be relate? -reto.

This document is subject to special export controls and each trans-
mIttal to foreign governments or foreign nationals may be made only with
prior approval of MAAE, Air Force Materials Laboratory.

Information in this report is embargoed under the Department of State
ITlAR. This report may be released to foreign goverrments by department
or agencies of the U.S. government subject to apnroval of Air Force Ma-
terials Laboratory, Materials Applications Division, or higher authority
within the Air Force. Private individuals or firms require a Department
of State export license.

" "M sc_____

SCopies of this re-prt should notL be returned unless return is required by

• ~secuxity considerations, contractual obligations, or notice on a speciffic

MIfIA.S

document.



- --

ANML-TR-69-161

DESIGN ALLOWABLES FOR

TITAMIIM ALLOYS

A. W. Sommer
G. R. Martin

North American Rockwell Corporation

TECHNICAL REPORT AM,-mTR-69-161

June 1969

I ;- -.



FOREWORD

This report was prepared by North American Rockwell Corporation,
Los Angeles Division, under USAF Contract No. AF 33(615)-3979.

L The contract was initiated under Project No. 7381, "Materials'
Application". Task No. 738106, "Engineering and Design Data".

t The work was administered under the direction of the Air Force

Materials Laboratory, Wright-Patterson Air Force, Ohio, by
Mr. C. L. Harmsworth, Project Engineer.

Dr. A. W. Sommer of the NR/LAD Research and Engineering Division,
Materials and Producibility Laboratory was the Program Manager.
Mr. G. R. Martin was the Project Engineer. Others who cooperated
in the research and in the preparation of the report were F.
Wermuth, M. Harrigan, G. Keller, and R. Lorenz, Statistics.

This report covers work conducted from May 1969. The contractor's
report number is NA 69-350.

The report was submitted by the author in May 1969.

This technical report has been reviewed and is approved.

A. OLEVITCH
Chief, Materials Engineering Branch
Materials Support Division
Air Force Materials Laboratory

V4

ki

I__ __ _ _ _ - -- -. U



K. ABSTRA10T

The purpose of this progrem was to develop design information on four
~ titanium alloys for inclusion Into Military Handbook-5. The alloys

investigated were Ti-6Al-4V Condition STA, Ti-4AI-3Mo-lV AnnealedConditi on, Ti-I3V-llCr-3AI Annealed Condition, and Ti-6Al-6V-2Sn

I Annealed Condition and Condition STA.

The mechanical properties investigated were tensile, compression, shear,
bearing, fracture toughness and fatigue. The general results obtained
are presented in Section VII of this report and the data generated for
Military Handbook-5 are presented in Section VIII.

This abstract has been approved for public release and sale; its dis-
tribution is unlimited.
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SECTION I

INTRODUCTION

1.1 PURPOSE OF THE PROGRMI

The program objective was to support the development of MIL-HDBK-5 data
on titanium alloys by conducting a mechanical property design data program
for four selected titanium alloys. The alloys evaluated are:

1. Ti-WAI-3Mo-iv lond. A - Sheet
2. Ti-13V-llCr-3kiCond. A - Sheet
3. Ti-6A1-kV Cond. STA - Plate
4. Ti-6A1-6V-2Sn Cond. A and STA - Plate

The mechanical property tests performed were tension, compree-ion, bearing,
shear, and thermal stability at temperatures from ambient to 6OOF in con-
junction with fracture toughness and fatigue tests at room temperature.
The data generated was compared with data obtained by means of a literature
search.

MIL-HDBK-5 has long been accepted by the DOD and the FAA as the appropriate
source of design allowables on structural materials. In order to establish
and maintain an acceptable level of confidence in the handbook the MIL-
HDBK-5 Supervisory Coimittee has imposed certain reliability criteria on the
data and their analysis. These include a general requirement for at least

Sten heats or lots of each material condition from three or more (if pzasible)
producers. A minimm total of 100 tests should go into the establishment
of each allowable value. Consequently, the only properties that are gen-
uinely established as "A" and "B" value (statistically reliable allowebles)
are Ftu and Fty at room temperature. The remaining properties such as

f compression, bearing, and shear, if they are included, are usually derived
using ratioing techniques. Elevatei temperature properties may also be
derived. It is the purpose of this program to obtain these data on several
titanium alloys using information from producers, users, data information
centers and a test program. The alloys were selected as a result of a
review of gaps in NIL Hdbk-5 data and based on requests for data received
by the Department of Defense Information Centers.

4 -1-

I n I l l lIII n 1 IjJ~m• r



Section II

TEST MATERIALS

ContaIned within this section are; (1) material procurement specification
requirements, (2) vendor certifications (3) thermal processing history,
(4) metallography (5) mechanical properties to be determined, and (6) test
conditions for all the materials utilized in this investigation.

Page

Test Mat erials; Specification Requirements and
Certification 3 - 41

Thermal Processing 42

Microstructures 42 - 70

Mechanical Properties Determined 71

Test Conditions 71 - 78
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2.1 Di.scussion:

The material data contained herein, identifies the source and provides the
chemistry, heat treat condition, and material thickness for all the material used
in the subject program. Each material is listed with the applicable vene.or heat
number, chemical composition, and the results of the supplier's tensile tests as
obtained from the vendor certifications. All material utilized under this pro-
gram sponsorship was procured to MIL-T-9046 requirements with all thermal processingadhering to the requirements of MIL-H-81200.

A brief summary of the materials, source and number of heats is listed below:

Material Source Number of Heads

Ti-4AI-3Mo-lV Cond. A TMCA 5
RMI

Ti-13V-llCr-3Al Cond. ST TMCA 5
Ti-6Al-4V Cond. STA TMCA 5

RMI 3
Ti-6A1-6V-2Sn Cond. A and STA TMCA 15

In addition to the data obtained from the test program, data has also been
incorporated from North American's Engineering and Quality Control Laboratories
and test reports from the fo.lowing vendo;-s and users:

Titanium Metals Corporation of America
NASA - Langley
DMIC Data Sheets (Battelle Memorial Institute)
The Boeing Company
Reactive Metals, Incorporated

2.2 Material Certification

The following pages present the test material procurement specification
requirements along with the vendor certifications sent with the test material.
One heat of Ti 4Al-3Mo-1V Condition A was received without an attached certifica-
tion. Efforts to obtain this certification proved unsuccessful.

-3-
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2.2.1 Material: Ti 4A1-3M-lV Cond. A (Specification requirements)

Specification MIL-T-9046 Sheet, Strip and Plate
Type II

SPECIFICATION MINIMUM PROPERTIES (KSI)

Tensile Strength 125

Yield Strength 115{ 0.2% Offset

SElongation 10

SPECIFICATION CHENiCAL LIMITS

Total
. C Fe Other

N Al V Cr Ro H Zr Sn Mn 02 Ti Elements
(max.) (max) (max) (Max.)

4 0.08 .30 0.05 5.5 3.5 0.015 0 _ - .20 Bal 0.4o0

!-i 6 .75 4,.5

-4
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I 2.2.1 (covtinued)

MATERIAL: Ti 4AI-3Mo-IV Cond. A

VENDOR HUT UM•ER: G-1595 (TKCA)

NR/IAD IDENTIFICATION: Beat .

CHEMICAL COKPOSITICY:

CARBON 0.023 VAIADIUM 1.1

SIRON 0.09 MOLYBDEM 3.3

NITROGEN 0.008 HIh!ROGEN 0.012

SALUMIM 4.6 OxyGm 0.10

HEAT TREAT CONDITION: Annealed Per MIL-H-81200

Test Test Mat' 1. Non. Spec. Strength Strength
No. T Q• ond. ae Diet Kai Asi •Eom

F-8649 Room Anneale, 0.03>4 Long. 134.7 123.5 12.5

Trans. 139.8 128.3 12.0

5



2.2.1 (continued)

MATERIAL: Ti-4,AL-31o-iV Cond. A

T VKDOR BUAT NUMMR: G-895 (TMCA)

R/AD IDUTIFICATION: Heat 2

CEMICAL CC3POSITIOW:

CARBON 0.023 VANADIUM 1.1

inm 0.09 NOLYBDE M 3.2

NITROGEN 0.014 HYDRO N m.O08

ALMMM 4.5 CflGEN O.u

HEAT TREAT CONDITION: -Annealed Per MIL-H-81-00

ult. 0.2%

Vendor Tensile Yield

Test Test Nat'l. won. Spec. Strength Strength

J-0679 Room Anneale 0.055 Long. 133.0 124.1 14.0

Trans. ,37.3 131.8 10.5

-6-



2.2.1 (continued)

NATERIAL: Ti- 4AI-3Mo-lV Cond. A

VENDOR RUAT NUMMR: G-2446

NR/LAD IDENTIFICATION: Heat 3

MlIWCAL COMPOSITIONs

CARBON 0.022 VANADIUM 1.1

ThCW 0.06 OL!BDNM 3.2

UNITROGEN 0.007 HYDROGEN 0.009f

ALMMM 4.3 OXYGEN 0.10

HEAT TREAT CONDITION: Annealed Per MIL-H-8l200

Mlt. 0.2%
Vendor Tensile Yield
Test Test Nat'l. Non. SDe. Strength 3trength

-J2•. Tm Cod. .. ~.Gs DL. lL Kai 9 MOW-2 .
J-0678 Room Annealed 0.063 Long. 131.9 123.8 15.5

Trans. 136.5 130.8 12.0

7[
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2.2.1 (continued)

L MATERIAL: ri- 1 4A13Mo.1V Cond. A

SIVENDOR BUT tU1ME: G-1523 (eMcA)

Heat 4~

NR/LAD IDnTICATION:

CHIWCAL CCO'OSITIOt

CARMO 0.025 VANADIUM 1.0

nmr 0.09 MOLYBDEM 3.3

NlITROGN 0.010 H!DROMY 0.012

ALUMINm 4. OXYGEN 0.12

HAT TREAT CONDITION: Annealed Per MIL-H-81200

ult. 0.2%

Vendor Tensa le Yield
Test Test lkt'1. Nos. Spec. Strength Strength

"_ e Kail

F-7737 Room ealed 0.051 Lon.- 134.8 U8.0 13.5

Trans. 136.2 122.6 14.0

.8
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2.2.1 (continued)

MATERIAL: Ti- dA1-3Mo-1V Cond. A

hUNDO NAT NUN=: C-1401 (¶nHCA)

"Ni/LAD IDlTIFICATION: Heat 5

CHWCAL OCKPOSITION:

CAP"N 0.025 VAJADInm 1.2

K LRM 0.09 MOLYBDENUM 3.3K NzTRO 0.011 HYDROGEN 0.005

g•-ALU U .3 OIGEN 0.12

VAT TIRAT CMDITION: Annealed Per MIL-R-81200

j lMt. 0.25
Vendor Tensile Yield
Test Test Nat'l. Now. spe. Strength Strength

J~~~~a len U 1a~ ~ 'i lowu
F-7786 Room nealed 0.067 L 131.0 121.8 11.5

T 1140.4 136.0 13.5

-9.
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2.2.1 (continued)

MATMRIAL: TI-4A1-3Mo-1V Cond. A

TUDOR BUT IWEER 321055 (M)

IR/LAD IUTW CATIOW: Rest 6

Ct4ICAL CCKPMITIOWs

CAP"cN 0.015 VAKaDIUM 0.91

SIRM 0.19 MOLYBDEM 3.27

WI ( 0.00M4 RTDROGZN 62 PPM

AU aM 3.80 OXYGE 0.091

WAT TREAT COMDITIO(N Annealed Per MIL-H-81200

"M'lt. 0.2%
Vendor Tenaile Yield

Test Test )kt' 1. NoR.c. strength Strength

- RT A 0.110 L 131.5 12k.8 13.0

T 138.8 136.o0 14.0

S,-,- - - -!A
Note: Above tests perfor-Aed by North American Rockwell, Los Angeles Division
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2.2.2 Material: Ti 13V-llCr-3A1 Cond A or ST (Specification Requirements)

SSpecification MIL-T-9046 Sheet, Strip and Plate
[ Type IV

SPECIFICATION MIfIMM• PROPERTIES (KSI)

Other 0.050
Gag Gage

Tensile Strength 132 125

Yield Strength 126 120 (Min)
0.2% Offset

Elongation 8.0 10.

SPECIFICATION CH•4ICAL LIMITS
Total

| Other
C Fe N Al V Cr Mo H Zr Sn Mn 02 Ti Elements

(Max) (Max) (Max) (Max.)

0.05 0.15 0.05 2.5 12.5 10 0.025 -- 0.20 Bal. 0.40

0.30 3.5 14.5 12

I
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2.2.2 (continued)

KATERIIAL: Ti- 13V-llCr-3A1

WINDOR, HUT NM(UR: D-7855 (TnCA)

EN/lAD IDUNTIFICATION: Heat 1

CHOaCAL CONSlTI0M:

CCAABW 0.017 VANAIMn 13.7

nm 0.15 CHR(Um1 10.9

IITR0ON 0.030 CDROM 0.010

AL-MIU 3.1 OXGM 0.13

HUlT TRUT COWDITIOKs Solution Treated

Mt. 0.2%
Veudor Tensile Yield
Test Test Mat'l. voa. Spec. Strength Strength

0o. 1- e- na Divot El ,L

F-2102 Room ST 0.040 Long. 136.8 128.4 18.0

Trans 141.7 132.7 9.5

Roomn STA(i Long. 194.1 176.3 7.0

Trans 208.5 192.7 4.5

Lab Aged 24 Hours at 900"F

- 12 -



2.2.2 (continued)

MATERIAL: Ti.13V-UlCr-3A!

VENDOR BAT NM ,R: D-77O (T.-A)

NR/LAD IDETIFICATIONs Heat 2

CHWICAL COHPMMIWON:

0 .017 VANADI 13.6

IO 0.16 CmcQaux 1o.8

ITROGN 0.028 HYDROGEN 0.023

ALOM M 3.1 OI 0.12

HEAT TREAT GONDITION: Solution Treated

Mt.

Vendor Tensile Yield

Test Test Mat'1. NoR. Spec. Strength Strength
S ,.-_.-. _ - D ,i -Kai RIOS,

F-1951 Room ST 0.038 Long. 134.4 129.0 18.5

Trans. 140.9 1.36.8 1P.0

Room T(i) Long. 193.5 175.2 6.0

Trans. 205.0 188.9 5.0

I-I

(i) Lab Aged 24 Hrs. at 900"F
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2.2.2 (continued)

MATERIAL: Ti-13V-UCr-3AI

VIM= MT NMM: D-7107 (TMCA)

Nx/lAD IDITIFlCATXno: Heat 3

CEKICAL CKPOSITIZO:

CLRBAP 0.028 VANADIUM 13.5

IRM 0.16 CHRCHIUM 10.8

VITRO= .022 HTDrW 0.004
ALWENW 3.0 OZ( o.14

BUT T•TAT CONDITION: Solution Treated

"UMt. 0.2%
Vendor Tensile Yield
Test Toot Mat'1. NoR. Spoo. Strength Strength

_ _- I~ fmi M4 19Kur

T-0342 Room ST 0.035 Long. 136.9 133.7 21.0

Trans. 140.3 135.7 17.0

STA(1 Long. 193.2 175.9 9.5

Trans. 200.1 184.1 7.0

(1) Lab Aged 24 Hrs. at 900*F

- 14,



2.2.2 (continued)

MATERIAL: Ti.13V- llCr-3Al !

VENDOR BUT NUM=R* D-7639 (TnCA)

MR/lAD IDUfTIICATI(N: Heat 4

SCHEMICAL CGOWITICON

CAR= 0.023 VANADIUM 13.7

IRON 0.17 CROMIUUM 10.6

NITROGEN 0.025 rDNROGN 0.015

ALMINUM 3.1 O1rf(N 0.12

HTA TREAT CONDITION: Solution Treated

IUlt. 0.2%
Voenor Tonsile Yield
Tort Teot Nat'l. youn. Spe_ . strength Strength

C-9887 Room ST 0.038 Long. 139.7 135.1 16.0

Trans. 144.6 139.2 13.0

STA(1) Long. 197.9 17.9.1 7.5

Trams. 208.9 191.4- 5.5

(1) Lab Aged 24 Hrs. et 900*F

-15



2.2.2 (continued)

MATERIAL: Ti-13V-llCr-3AI

VUOM BUT NUMBR- D-711O (TCA)

R/A n IDUmTIFICATI(mps Heat 5

CHIMICAL CGKPOITI.Cs

CAR. 0.027 VANADIUM 13.7

nm 0.16 cmtomIm 10.8

NITROE• 0.026 HDROG9E 0.003

ALjCJ 3.0 01G 0.12

HAT TEAT CORMITION: Solution Treated

Mt. .2%
Vendor Tensile Yield
Test Test Mat'1. Non. Spec. Strength Strength

ST-O29I Room ST 0.037 Long. 133.6 130.7 22.5

Trans. 138.1 135.9 17.5

STA(1) Long. 18o.1 164.1 9.0

Trans. 179.8 165.7 6.5

(1) La•b Aged 24 Hrs. at 900OF
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2.2.3 Material: Ti 6Ai-WV Cond STA (Specification Requirements)

Specificetion MD,-T-9046 Sheet, Strip, and Plate
Type III Cimp C

SPWIFICATION MINIUM FOPEMTIES (KSI)

zz••-ý,1/" to 3/4" to r1 to
to 1/2" -3/4' 1" 1-1/2"

Tensile Strength (Min) !60 160 150 145

Yield Strength (Min) 145 145 140 135

0.2% Offset

Elongation 8 8 6 6

SPECIFICATION CHNOICAL LIMITS

Ii Total
C Fe N Al V Cr Mo H Zr Sn Mn 02 Ti Other

(Mx)(Mx)(MiX)l Elements
(Max) Mcix)(Max)

0.08 0.30 .05 5.5 3.5 0.015 c-2o 1a. o.4o
6.75 4.5

17- -
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2.2.3 (--. •,Lud)

MATY•U.AL: TL- 6A1-I&V

VMDOR HUT SUM3BER T G 4956 (TMcA)

NR/L•D IDITNIICATIOM" HEat 1

C•aICAL COCPOSITION:

CARBON 0,025 VANADIUM 4.1

im 0.10 KEDROGEN 0.009

NITROGN .010 o 0 ENM 0.10

AmnUm 6.0

HUT TREAT CONDITION: Solution Treated and Aged to MIL-T-9046E
Type 3 Comp C

0.2%
Vendor Tensile Yield
Test Test Mat' 1. NOR. Spec. Strength Strength

J-3183 RT STA 0.250 L 166.6 153.0 8.5

T 183.2 171.8 8.0

- 18 -



2.2.3 (continued)

MATERIAL: Ti-6A1-1v

vmN D UT MmB: M 0G-4796 (inCA)

NR/1AD IDUNTIFI*kTION: Heat 2

CW4ICAL COMPOSITION:

CARBON 0.026 VANADIUM 4.2

IRON 0.15 HYDROGEN 0.005

NITfROGN 0.015 OIm 0.114

ALb,.qDW 6.4

HSAT TREAT CONDITION: Solution Treated and Aged to MIL-T-9046E
Type 3 Comp C 1700"F ,1&4 Pr - w.Q.
Aged 4 hours - 1000*F A.C.

nt. 0.2%
Vendor TenoAle Yield

Test Test Mat'1. Neu. Spec. Strength StrengthNo. k-- :1 d o r • jfet r.0 ýa ;I= W04

J-4376 RT STA 0.250 T, 176.0 164.0 9.0

T 180.2 174.3 10.5

-- 19--
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2.2.3 (continued)

MATEIAL: Ti- 6AL-&V

VENDOR HUT MUi : H X-53788 (raa)

NH/lAD IDENTIFICATION: Heat 6

CHNICAL CO OITIN:

CaRBon 0.03 VAR&DIM 4.2

S0.16 HYDROGEN 72 ppm

NITROGEN 0.011 OXYGEN 0.107

AUMINM 6.1

HAT TREAT C.ONITIOI: Prod. Solution Treated 1725"F for 10 minutes
W. Q. Aged 1000"F for 4 Hrs. and Air Cooled

- s.- .
I Iuit. 0.2%

Vendor 2 Teneile Yield
Test Test MM-t'1. Noam. Spec. Strength Strength

110 - T •. C-- d a. - DG-get. g2l r d x kLo l

RT STA 0.250 L 168.o 156.0 8.0

"T 168.0 151.0 8.0

-20-
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2.2.3 (continur,dl)

MATERIAL: 1I-6Al-4V

VENDOR HEAT NUMER HT G-6539 (TMCA)

NR/LAD IDENTIFICATION: Heat 1

CEMICAL COKPOSITION:

CARBON 0.024 VANADIUM 4.2

0 .16 HYDROGEN 0.005

NR. 008 OXYGEN 0.19

ALUMINUM 6.2

HEAT TREAT CONDITION: Solution Treated and Aged to MIL-T-9046E
Type 3 CoMp C

Ult. 0.2%
Vendor Tensile Yield
Test Test Mat'1. Non. Spec. Strength Strength Red.

o • - Drect. KKi Area

J-3855 RT STA 0.500 L 171.1 158.1 19.0 41.2

T 168.1 155.2 16.5 42.6

- -W21 -
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2.2•.3 (continued)

KATERIAL: Ti.. 6A1-I&v

VANDOR HUT UDER M G-7278 (TICA)

NILAD IDENTIFICATION: Heaw 2

Cm4ICAL COG'OSITION:

CARBO 0.025 VANADIUM 4.2

mOW 0.17 HWDROG(N 0.005

NITROGEN 0.009 OXYGEN 0.20

ALUMDNUM 6.4

HUAT TREAT CONDITIOWt Solution Treated and Aged to MIL-T-9046E
Type 3 Comp C

Ult. 0.2%
Vendor Tensile Yield %
Test Test Mat'1. NoR. Spec. Strength Strength Red.
w^, C 9 .2&L -. . -Kai cm, . Area
J-5801 RT STA 0.500 L 175.5 163.3 15.0 39.5

T 182,2 172.4 14.o 36.8

-22-



i M~~1ATERIAL: T-A-.

V!NDOR RT NUMER HT 302634 (AUI)

NRAAD IDINTIFICATI~S: Heat 7

Ii

CW•ICAL COKOITION:

CARBON 0.0O2 VANADIUM 4.3

IO 0.12 HYDROMN• 42 ppm

NITROE 3.013 OX(cEo Ctu168

ALM• 6.4
HuT TIDT CONDITIO:t Prod. SoHe tion Treated 17257F for 10 minutes

W.Q. Lab Aged CO0"IF for 4 Hours Air Cooled.

0lt. 0.2%

STensile Yield
V V e nd orS t e g h S r n hTeqt Test Nat'l1. NOR. Spoo. StK~ tent

RiT STA o.475 L 170.0 15300 7.0

T 173i T 162.O 9.0

- -23 -
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2.2.3 (continued)

MATENIL: Ti- 6Al-4V

VENDOR RT Xmw HT G-7021 (TnCA)

MV/LAD IDENTFICATION: Heat 2

CM MCAL COMPOSITION:

CARBON 0.022 VANADIUM 4.2

IRON o.18 HYDROGEN O.004

S0.12 OXYGEN 0. 17

ALUMINUM 6.3

EAT TREAT CONDITION: Solution Treated and Aged to MIL-T-90l6E
Type 3 Comp C 1675"F, 15 Min. - W.Q. Age
4 Hours 1000F A.C.

Mlt. 0.2%
Vendor Tensile Yield
Teat Test at'fl. NoR. Spec. Strength Strength

J-4821 RT 1.000 L. 168.5 155.0 14.5

T 176.8 165.9 17.0

-24-



2.2.3 (continued)

MATERIAL: Ti- 6A1-4V

VENDOR H•AT AMBER HT 293504 (1I)

WA/LAD IDUTIFICATION: Heat 6

CW•aCAL COKPOSITION:

CARBON 0.03 VANADIUM 4.4

IRON 0.08 HffDROGEI 30
NI OOZW0.010 OXIYGN O.160

ALMINUM 6.4

HAT TREAT CONDITION:

Mt. 0.2%
Vendor Tensile Yield

Test Test Matt i. No. Spaeo. Strength Strength

150.0/ 143.0/ 12.0/L 161.o 148.o 14.o
RT STA 1.025

T 145.0/ 143.0/ 11.0/
161.0 148.o 15.0

II

- 25 -
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2.2#4 Material: Ti 6A1-6V-2Sn Cond A and STA (Specification Requirements)

3pecification MIL-T-9046 Sheet, Strip and Plate
rType III Comn E

SPECIFICATIONI MINIMM PROPERTIES (KSI)

Annealed STAI _To1-172 1-1/2" to
_Thick ._2"_ Thick

Tensile Strength (Min'1 155 170 160

Yield Strength (Min) 145 160 150
0.2% Offset

Elongation Long)l0 8 6
( )8

-PECIFICATION CHEMICAL LIMITS

Total
C Fe N Al V Cr me H Zr Sn mn 02 Ti Other

Max) (Max) Max Elements
- -- - - - - - ____(Max)

0.05 0.35 0.05 5.0 5.0 0.015 - 1.5 0.20 B1 0.30

1.00 6.0 6.0 2.5

-26-
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2.2.4 (continued)

MATERIAL: Ti- 6A1-6V-2Sn

VlMDOR HUT NUWER: HT G-3104 (TnCA)

NR/IAD IDNTIFICATION: Beat 1

CIMICAL CCtIPOITION:

CARBON 0.011 HYDROGEN 0.006

IRN 0.73 TIN 2.1

NITROGEN m.16 COPPER o.61

ALUMINM 5.6 OIXYN o.16

VANADIUM 5.7

I HEAT TREAT CONDITION: Annealed - Anneal Temp.

13007 P/i 257

4lt. 0.2 %
Vendor Tensile Yield
Test Teat mat' 1. Norm. Spec. Strength Strength
No. T. Le irt Kai - lonL.

J-0411 Room .nnealed 0.340 L 155.0 148.4 15.0

T 166.8 161.5 18.0

_ -%- i i 
_27
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2.2.4 (continued)

MATERIAL. Ti-6A1-6v-2sn

VEDOR HAT NUIMER: HT G-3212 (THCA)

NR/AD IN TIFICATION t Heat 2

CU4ICAL COMPOSITION:

00CARBON O.O24 DROGEN 0.007

In 0.70 TIN 2.0

NITROGn m.014 COppER 0.66

ALUMIM 5.4 OXYGEN 0.13

VANADIUM 5.4

HUJT TREAT CONDITION: Annealed - Anneal Temp.

1300 P/M 25F

Ult. 0.2 %
Ver'.or Tensile Yield
Test Test Mat' 1. No. Spec. Strength Strength

j-o414 Room ealed 0.320 L 156.1 151.1 15.0

T 160.3 156.3 16.5

-• -28 -
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- 2.2.41 (continued)

MATERIAL: Ti-61.-6V-23n

VNOR WAT NUMBER: W :-33211 (TMCA)

NI IDEN/ID CATIONi Heat 3

CR(I(CAL COMPOSITION:

CARBON 0.023 HyDROMEN 0.006

IO .71 TIN 2.0

NITROGEN 0.010 COPPER 0.067

ALUMINUM 5.6 Oxyj 0.15

VANADIUM 5.5

HEAT TREAT CONDITIONs Annealed - Anneal Temp.

1300? r/M 25?

Ult. 0.2%
Vendor Tensile Yield
Test Test Mat'l. ym. Spec. Strength Strength
J46- TeaM1. Z[n• I-# Spe. Kai K21 z •ons.

J-0413 Room Annealed 0.120 L 157.6 152.7 15.5

T 155.7 149.9 15.0

i2
- 29 -



2.2.4 (continued)

MATERIAL: Ti-6W-6V-2sn

VW= BUT NUftftI UT G-881 (TcA)

NR/LAD IDENTIFICATIOII: Heat 4

CHNCAL COMPOSITION:

4CAF"O 0.025; HyDRomw~ 0.04

IRO 0.66 TIN 2.0

NITROGBF 0.012 COPPER 0.69

ALUMIM 5.5 OXGEN 0.16

VANADIUM 5.5

HEAT TREAT COWDITION: Amnaled - Armeal Tesp.

1300 P/9 25?

Mt. o0.2% %
Vendor Tensile Yield
Test Test Hat' ]. jN. Spec. Strengthl Strength
No. ?= eal D t. Kai t',,. •m4ne

J-O412 Room A-nnealej 0.315 L 157.4 151,3 15.0

T 160.5 155-.4 18.0

-30-



2.2.4 (continued)

MATERIAL: Ti- 6A1-6V-2sn
V HUAT IZMR T 0 1537 (TMCA)

NE/LD IDENT IFICATION: Heat 5

CUDEICAL COMPOSITIONt

CARBON 0.025 HYDROGEN 0.004

I?.ON 0.74 TIN 2.0

WI IROGEM 0.013 COPPER 0.76

ALUMDINM 5.5 OXYGEN 0.17

VANADIUM 5.6

HEAT TREAT CONDITICI: Annealed - Anneal Teup.

1300 PAM 25Y

Ult. 0.2%
Vendor Tensile Yield
Test Test Mat'1. :Nom. TSpee. Strength Strength

No. Tm - oi .Mi . KAIJ 122M
J-O•15 Room Annealed 0.310 L 159.8 154.7 14.0

T 163.1 158.1 15.3

- -31 -



-. 2.4 (continued)

MATERIAL: TI-6AI-6V-2•Sn

VDIADORHUT UNIMER: 11T G-393 (T14CA)

NELAD IDENTIFICATION: Heat 1

CUNICAL COIGOITION:

CARBON 0. 022 HiDROGEN 0.004

IaK 0.75 TIN 1.9

NITROGEN o.0o9 COPPER o.64

ALUMINUM 5.5 OXYGEN 0.12

VANADIUM 5.3

HUAT TREAT CONDITION: Annaled - Anneal Temp.

1 300 P/A 257

M. 0.2%3.SVendor Tonsils Yield

Test Test mat'- . Non. Spec. Strength Strength Red.
~~ ~I To. Tmi ol a ie. Kt•Eo• Area

SJ-0416 ROOM Annealed 0.630 L 155.6 150.0 18.0 38.2

T1515.4 151.4 16.5 35.7

.32
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2.2.4 (continued)

MATERIAL: Ti-6AI-6V-2Sn

VENDOR HEAT NUMER: HT G-2443 (TICA)

NR/LAD IDENTIFICATION: Heat 2

CY4ICAL COMPOSITION:

CARBON 0.023 HYDROGEN 0.004

IMON 0.67 TIN 2.1

NITRO•GN 0.013 COPPER o.66

ALUMINUM 5.3 oXYGEN o.16

VANADIUM 5.7

HUAT TREAT CONDITION: Arawaled Anneal Temp.

1300? P/M 25F

i flit. 0.2%
Vendor Tensile Yield
Teat Test Nat'l. Now. Spec. Strength StrengthNo. TOM, Cod _S&U_ Direct, i a re IlRic

J-O420 Room Annealed 0.610 L 159.6 156.9 16.0

T 162.0 158.4 18.0
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2.2.4 (continued)

MAI•0IAL: Ti- 6Ai-6V-2sn

V~fJD HULT NUMBER: FT 0-1971 QnKCA)

NR/LAD IIZNTIFICATIOI: Heat 3

CWAICAL COMPOSITION:

SCAR" 0.023 RYDROCEN 0.006

IRO o.68 TIN 2.1

NITROGEN 0.012 COPPER 0•70

ALUMDW0I 5.3 OXYGEN 0.17

VANADIUM 5.4

HUT TREAT CONDITION: Annealed - Annsal Temp.

13W07 PAM 257

Mlt. 0.2%
Vendor Tensile Yield
Test Test Nat'l. Non. Spec. Stremgth StrengthS•O. Trn ond, Gams Direct, Kni Im Z lonff

S-417 Room nnaled O.610 L 161.O 158.2 17.0

T 162.4 157.4 17.0
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Ii
2.2,4 (continued)

I MATERILAL: Ti..6A1..6V-2Sn
VENDOR, HAT N ,JM: HT G-2504

I|I, IRAAD IDmnTXICATION: Heat 4

CHDICAL COMPOSITION:

CARBON 0.023 HYDROGEN 0. O04

IRON 0.66 TIN 2.1

NITRO(GN 0.011 COPPER 0,66

ALUMINUM 5.6 OXYGEN o..16

VANADIUM 5.4

HEAT TREAT UONDITIOH: Amealed - Anneal Teu.

1300? PA4 25?P

- •flt. 0.2 %
Vendor Tensile Yield
Test Test Mat'1. Non. Spec. Strength StrengthNo. T -u-. a-• : Im Dr ,t KImi Teli•Eo•

J-O418 Room Annealed 0.610 L 162.1 158.9 16.5

T 161.1 160.1 19.5
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2.0-.4 (continued)

MATERIAL: Ti-6414-6.2S5

VED• R HIAT NUMBER: HT G-3106 (ncA)

NR/LAD IDNTIFICATION: Heat 5

CUHICAL COMPOSITION:

CARBON 0.016 HYDROGEN 0.005

mwIR 0.77 TIN 2.0

NITROGEN 0.019 COPPER 0.59

ALUMINUM 5.6 OXYGEN 0.15

VANADIUM 5.8

HIAT TREAT CONDITION: Annealed - Anneal Temp.

1 300?P PA4 25?

m I -t. 0.2%
Vendor Tensile Yield
Test Test Mast'1. Ron. Spec. Strength Strength
No. Teo. ~2a- e D . K •lonNo

J-o419 Room Annealed 0.615 L 159.0 155.6 17.0

T 158.8 156.3 18.0
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• 2.2.4 (econtinued)

MATERIAL: Ti- 6A1-6V-2Sz.

VNDOR HUT NUMNR: HT G-3023 (TNCA)

NfR/LAD IDENTIFICATION: Heat 1

CH•ICAL COKPOSITIONý

CARBON 0.023 HYDROGEN 0.004

IRN 0.67 TIN 2.0

NITROGE 0.012 COPPER 0.63

ALPJ)4 5.5 OXYGEN 0.15

VANADIUM 5.6

WEAT TREAT CONDITIONs Annealed - Annel Temp.

130? P/M 25F

m~t. 0.2%
Vendor Tensile Yield

SNo. Tejon. Cond WA4 Diht C long.

J-0430 Room Annealed 1.570 L 155.9 145.5 20.0

T 155.4 145.3 18.5
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2.2.4 (continued)

MATERIAL: Ti-6AI-6V-2Sn

VENDOR HAT NUM0BR: HT G-3 214

NR/LAD IDS TIFICATION: Heat 2

CH91ICAL COMPOSITION:

CARBON 0.023 HYDROMEN 0.OO4

IRON 0.69 TIN 2.0

NITROGEN 0.011 COPPER o.65

ALUMINUM 5.4 O0Y(EN 0.17

VANADIUM 5.5

HAT TREAT CONDITION: Aunealed - Anneal Temp.

1300? PA/ 2c?

Mlt. 0.2%
Vendor Tensile Yield
Test Test Nat'l. NoR. Spec. Strength Strength
no, I DJ root. ensl Yel

J-0428 Room Annealed 1.510 L 155.4 149.4 18.o

T 156.0 149.8 17.5
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2.2.4 (continued)

MATERIAL: Ti.6,kl-6V- 2sn

VENDOR HUT NUMR: HT G-2070

NR/LAD IDENTIFICATION: Heat 3

CW•4ICAL C'COSITION:

CARBON 0. 023 HYDROGE.N 0.007

IRON 0.73 TIN 2.0

NITROGEN 0. 009 COPPER 0. 73

_m;UMINUM 5-6 OVGfEN 0.15

VANADIUM 5- 6

HUT TREAT CONDITION: Annealed -Anneal Temp.

130O P/M 25F

Ult. 0.2%
Vendor Tensile Yield
Test Test mat' 1. Non. Spec. Strength Strength
No. ies m Io . C N D d t Kai T.01 I Elong .

J-0427 Room Annealed 1.570 L 155.4 149.2 19.0

T 161.5 151.8 18.5
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2.2.4 (continued)

M1ATERIAL: Ti- 6A6V-2Sn

VENDOR HUAT NER: HT G-1971 (T14CA)

NRA/AD IDEmmIFICATION: Heat 4

CIMCAL COMPOSITION:

CAP"BO 0.023 HYDROGEN O.004

IRON o.68 TIN 2.1

NITROGEN 0.012 COPPER 0.70

AALUMINUM 5.3 OXYGEN 0.17

VANADIUM 5.4

H4A TREAT CONDITION: Annealed - Anneal Teup.

1300 PA4 25?

IM it. o.21%
Vendor Tensile Yield
Test Test Nat'l. Norn. Spec. Strength Strength

J-O3 1  Room Annealed 1.50 L 155.2 149.6 15.5

T 155.6 147.7 18.5
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2.2.4 (continued)

MATERIAL: Ti-6A7-6V-2Sn

VENDOR HAT NUMER: HT G-3024 (TKCA)

MIAA IDENTIFICATIONs Heat 5

C20EICAL CO0SITION:

CARBON 0.023 fDROGEN 0.00o4

IRON 0.69 TIN 2.0

NITROGEN 0.015 COPPER o.62

ALMINUM 5.6 OZ!G(N 0.15

VANADIUM 5.6

HEAT TREAT CONDITIONs Annealed - Anmal Temp.

130 P/M 25F

Mt. 0.2%
Vendor Tensile Yield
Test Test Mat'1. Non. SpeW. Strength Strength
No. TXmn £ad a K4i KL 4JFei.

J-O429 Room Annealed 1.60 L 156.4 151.0 17.5

T 160.1 153.4 18.5

4I1
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2.3 THE'AL PROCESSING OF MATERIALS

All test materials with the exception of the Ti-6AI-6V-2Sn condition STA,
had all the required thermal processing done by the mill prior to receival
by NR/LAD. The Ti-6AI-6V-2Sn material which was receiveC in the annealed
condition was heat Treated to the STA condition by NR/LAD. The thermal
processing of all test material beth at the mill or at NR/LAD conformed
to the requirements of MIL-H-81200.

2.4 MICROSTRUCTURAL EXAMINATION OF TEST MATERIALS

A microstructural examination of all test material was performed by NR/LAD.
The photomicrographs in conjunction with a brief analysis of the structures
observed and their relationship to the resulting mechanical properties are
presented in the following section.

2.4.1 Ti-4A1-3Mo-IV, Cond. A: Photomicrographs typical of microstructures of
six heats of Ti-1AI-3Mo-IV, Cond. A, program st'eet material ranging in gages
from 0.034" to 0.110" are shown in Figures 2-1 through 2-3. NR heat numbers
1 through 5 depict uniform, equi-axed microstructures consisting of islands
of primary al-ýha phase surrounded by a matrix of transformed and retained
beta. NR heat 13 shows some slight banding of the alpha phase which is not
expected to have any unusual effect in terms of mechanical properties. NR
heat t6, Figure 2-3 supplied by P different producer, exhibits a finer,
more directional grain structure indicating the probability of a lover final
rolling temperature in this instance. This particular photomicrograph dis-
plays a very faint trace of a prior beta grain boundary suggesting total
rolling reduction may have been less than desired: however, mechanical
properties tests indicate comparable mechanical properties with tensile
ductility at room temperature perhaps slightly better than the other heats
of Ti-4A1-3Mo-IV. In general, the microstructures of all six heats are
quite uniform, the above mentioned differences being subtle, and, a& would
be expected, mechanical properties tests substantiate this microstructural
uniformity.

4
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FIG. 2-1

Ti 14A1-3Mo-1V Cond A

Heat G 1596 Nom Gage o.o34" N~R Heat #1
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FIG. 2-2

Ti 4Al-3Mo-1V Cond A
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Heat G 2U146 Nlom Gage 0.0O63" RR Heat W~3
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FIG.2-3

Ti 1&A1-3Mo-1V Cond A
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• 2A.2Ti-ISV-1ICr-3AI, Cond. A (ST): Typical microstntctures from five heats of
alloy Ti-13V-llCr-3Al sheet in the annealed or solution treated condition

are shown in Figures2-4 through"-6. The photomicrographs depict structures
considered normal for the material s.-, illustrate the essentially single-
phase, beta microstruct;'ie characteristic of the alloy as solution treated.
Microstructural variations among the five heats are slight, NR heat numbers
3 and 5 exhibiting samewhat smaller grain size th&a the others. Mechanical
properties of the heats are uniform and similar w.th NR heat numbers 3 and 5
tending to exhibit properties slightly higher than the average. ',his is not

- considered extremely significant since NR heat #4 with comparat vely large
* grain size also exhibits higher than the average properties. Aga.in, micro-

structural and properties variations are subtle.
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FIG. 2-4 o

Ti -3-~-A. Cn AorS
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ME-
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FIG. 2-5

Ti 13V-llCr-3A1 Cond A or ST

zk-

Heat D 7107 Nomn Gaee 0.03 5 NR Heat j#3

Heat D 7639 Nom Gage 0.0381t lff Heat J4
275X
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FIG. 2-6

Ti. 13V-llCr-3A1 Cond A or ST

I M
, X N

1g

.M.

275 X
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S24.3Ti-6A1- V, Cond. STA : Microstructures representing eight heats of Ti-6A1-LV,
Cond. STA plate are shown in Figures 2-7through2-1O. In contrast to the other
program materials, a widi- variation in microstructures from heat to heat was
obtained and considerable variation in mechanical properties as a function of
gage, supplier, heat, and testing direction also noted.

With respect to the zr.nal 0.250-inch gage material, three different micro-
structures wer.ý ob a.,ei from the three heats of material represented. The
first, G495., 9' i-e2-7,shows a transus-type structure, i.e., free from
primary a:.,-,a w;ltn acicular alpha, and possible alpha prime, resulting from
quenching from high in the alpha-beta field. Some banding is a'so noted and
mechanical properties are considered satisfactory for heat-treated material.
The second, heat GkI-6, represents material though stated to be heat treated
is, to the contrary, believed to be annealed. It is suggested the material
was thoroughly worked during rolling at relatively low final yelling tempera-
tures resulting in a mixture of equiaxed alpha and intergranular beta. it
might be argued that the photomicrograph represents material quei.1hed from
low in the alpha-beta phase, approximately 1500OF or lower; howeve-, proper-
ties obtained show a spread between ultimate and yield strength much more
indicative of annealed material than that associated with quenched arn' aged
retained beta. In addition, the level of mechanical properties obtained
would be quite low for material at 0.15% oxygen, solution treated at 1700°F
and -7ed at 10000F. The third, heat X53788, represents material finished
fror. above the beta transus temperature and quenched from high in the alpha
beia field. The microstructure is uniform, fine-grained and exhibits gccd
strength, lower tensile ductility, and relatively good fracture toughness
associated with such structures.

Material in the nominal 0.500-inch gage again displays a variation in micro-
structure. Heats G6539 and G7278, are similar and more nearly typify struc-
tures normally associated with heat treated and aged thin-sectioned Ti-6AI-4V
products. Both show a mixture of prinary alpha plus aged alpha prime with
the latter heat showing some gross rolling deformation. Properies too reflect
ty-ical strength levels and tensile ductilities for such material in both
cases, the latter indicating greater anisotropy, as might be expected. Material
from heat 302634, Figure2-9 again illustrates material finish rolled from above
the beta transus, quenched from high ip the alpha-beta field and aged. Micro-
structure is similar to that o' 0.250-inch gage heat X53788 with somewhat higher
strength, probably due to higher oxygen content.

In the nominal 1.00-inch plate gage somewhat different microstructures were obtainel
for the two heats of material d&splayed, Figure2._1, representine somewhat
different working histories. Both display material rolled and heat treated
in the alpha-beta field; however, with properties expected of material so
processed.

- 50 -
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F 1G.2-7

Ti 6A1-4v Cond STA

-Heat G 4956 N4m Gage 0.250" 1IR Heat ~

f iHeat G 4i796 Nomn Gage 0.250" N~R Heat W2

250 X
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FIG. 2-8

Ti 6Al-4v Cond STA

, I

Heat X 53788 Nom t--;age 0.250" aR Heat #6

Heat G 6539 Nom Gage 0.500" INR Heat #~1
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I - FIG. 2.9

Ti 6A1-4.v cond STA

B eat G 7M7 Noam Gag O.5oo- UIR Heat J2

Heat 302631 Jam Gage 0.J-i75- NR Heat j#7

250 X
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FIG. 2-10

Ti 6A1-.]W Cond STA

Heat G 7021 Nom Gagre 1.025" IqR Heat *

Heat 293504 Nom Gage 1.025" hIR Heat *'6

2 50 X
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2.44Ti-6Al-6V-23n, Cond. A and STA: Typical microstructures of 14 heats of alloy
Ti-6A1-6V-2Sn plate both annealed and fully heat treated are shown in Figures

2-11through2-25. Thotcmicrographs for annealed plate of the nominal 0.250 inch
gage (0.310 to 0.340-inch), Figures2-11 through2-13depict thoroughly worked
microstrxctures of primary alpha phase in a retained beta phase matrix.
Thase delineatior is not distinct in any of the five, the microstructures all
showing evidence of considerable grain deformation from working at low, final
rolling temperatures, and of course fine grain size. Variations among the
five heats are extremely small metallographically and, a- ýxpected, proper-
T.ies are also uniformly high.

As gages are increased, variation in rolling practice beccoes evident. The
five heats of the nominal 0.500-inch gage (0.610 to 0.630-inch) plate shown
in Figures2-14through2-16, both annealed and heat treated, continue to
illustrate a fine-grained, thoroughly-worked microstructure. Phase demarka-
tion is somewhat greater; however, even in the annealed material suggesting
higher finish rolling temperatures. This is a matter of small degree,
nevertheless, since annealed properties remain quite high for the annealed
0.500-inch material in comparison to the 0.250-inch. The effects of heat
treatment to Cond. STA are quite clearly illustrated showing an increase in
the beta phase at the expense of alpha due to quenching from high in the
alpha-beta field.

With increase in gage of plaze to 1.50-inch nominal gage (1.50 to 1.60-inch),
the higher finish rolling temperature required becomes evident, particularly
in the microstructures of annealed material, Figures2-17through2-19 The
alpha phase is seen to be present, in all five heats, in the form of moder-
ately coarse platelet form, fairly well distributed throughout the micro-
structure with little evidence of prior beta grain boundaries. Properties
are correspondingly lower than the annealed thimer gage material, as would
be expected. Again uniformity of properties among the five heats is evident
both annealed and heat treated, in spite of the localized aberations noted
in two of the microstructures of Cond. STA material. Some rather pronoxmced
coarseness of the primary alpha plates with the ugge stion of prior beta
graIn boundary alpha formation is seen in RR heat #8, Figure2-24, and in
contrast, a localized enrichment of beta phase material is evident in the
microstructure of NR heat #10, FigMre2-25, due probably to chemical segrega-
tion of beta-stabilizer element(s) in the ingot. Neither of these conditions
appears to be general throughout the material to the exrent that mechanicalproperties test results show no effect.

11 - 55-
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FI1G. 2-11

Ti. 6A1-6v-2Sn Cond A

~ A i; j, I

- Oi

RetG 31C5 Nomn Gage 0.34.0" NIR Heat #1~

Heat G 3212 Roam Gage G .3 20 NiRHeat #2
275X
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FIG. 2-12

Ti 6A1-6V-2Sn Cond A

Heat G 3211 Bom Gage 0.320 NR Heat #3

Heat G 881 Nom Gage 0.315 111 Heat ~i
275X
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FIG. 2-13

Ti 6A1-6V-2Sn Cond A

Heat G 1537 Nom Gage 0.310 RR Heat 15

275X
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FIG. 2-14

Ti 6A1-6V-2Sn

IHeat G 393 Noam Gage 0.630"l m~ Heat ii

-'f
M( t15,

If

Heat G 24413 Nom Gage 0.610"l MR Heat J2-I 275X
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F IG. 2-15

Ti 6Al-6V-2Sii Cond A

V, '

Heat G 1971 Nom Gage 0.610" 1qR Heat 1~3

Heat G 25o1f Nom Gage 0.610t1 NR Heat f¶41

2/75 X
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FIG. 2-16

Ti 6A1-6V-2Sn Coind A

EbLt
Heat G 3106 Nom Gage 0.615 INB Heat #5

275X
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FIG. 2 -17

Ti t4A1-6v-28n Cond A

II

Feat G 3023 Ibom Gage 1.570"t NR Heat 4il

Heat G 3214 Nam Gage 1.570 NR Heat #2
2715X
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FIG. 2-18

Ti. 6A1-6v-2Sn Cond A

ftA

-~ MW

vI.

Heat G 2070 Ibm Gage 1.570 N~R Heat-5'-

Heat Gijl Nom Gage 1.50 NR Heat t4
275X
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FIG. 2-19

Ti. 6A1-6V-23n Cond A

Sk

1 ui -s

Heat G, 3024I Nom Gage 1.6o" INR Beat 5

275X
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F I G. 2-20

Ti 6A1-6V-2Sn Cond STA

Heat G 393 Ncm Gage 0.630" NR Heat #6

Heat G 24143 Nmn Gage 0.610" WR Heat W7
250X
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FIG. 2-21

Ti 6A1-6V-2Sn Cond STA

* H

Heat G 1971 Nom Gage 0.610" NR Heat j8

L 0~

Heat G 2504 Nom Gage 0.610" iR Heat i9
250X
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FIG. 2-22

Ti 6A1-6V-2Sn Cond STA

I

neat U 3106 Nm Gage 0.615 DR Heat #10I

I

250 X
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FIG. 2-23

Ti. 6A1-6V1-2Sn Cond STA

Heat G 3023 Nomn Gage 1.570" fiR Heat #6

Heat G 3214 Nomn Gage 1.570" ERR Heat 17
250X
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FIG. 2-24

Ti 6A1-6V-2sn Cond STA

Ii

ii

k Heat G 2070 Noma Gage 1.570 NR Heat #8

II
I

Heat G 1971 Nom Gage 1.50 NR Heat7 '9

j 250 X
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FIG. 2-25

Ti 6AI-6V-2Sn Cond STA

.1

Heat G 30o-4 No Gage 1.60 NR Heat #10

250 X
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tsdanical Properties Determined

2.5 The various mechf-nical properties determined from each type of test performed
are as follows:

1. Tensile Tests - Sheet and Plate

(a) Ultimate Tensile Strength
(b) 0.2% Offset Tensile Yield Strength
(c) Percent Elongation
(d) Percent Reduction of Area
(e) Precision Elastic Tension Modulus (Selected Sample)

2. Compression Tests - Sheet and Plate

(a) 0.2% Offset Comprestion Yield Strength

3. Bearing Tests - Sheet and Plate
e/D = 1.5 and a/D = 2.0
(a) Ultimate Bearing Strength
(b) 2% Offset Bearing Yield Strength

4. Sheer Tests - Sheet and Plate

(a) Ultimate Shear Strength

5. Fracture Toughness Tests - Plate

(a) Plane Strain Fracture Toughness Value (Kie)

6. Thermal Stability Tests - Sheet and Plate

(a) Ultimate Tensile Strength, 0.2% Offset Yield Strength,
% Elongation, % Reduction in Area for test specimens at
room temperature and elevated texperature after exposure
to elevated temperature for prolonged periods of time.

7. Fatigue Tests - Sheet and Plate

(a) Stress versus number of cycles to failure, as a function
of specimen geometry (smooth and notched) as well as stress-
ratio.

2.6 Test Conditions
Room and elevated temperature, tension, compression. bearing, and shear mechanical
property tests for the longitudinal and transverse direction as well as limited

test in the short transverse direction for the four materials were performed in
an air atmosphere. The range of elevated test temperatures included 4Od', 6OOF,
and 800F. The thermal stability tests which determined the effects of exposure

-71-
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Sin a-r. temperatures of 40OF, 600F, and 800F for times of 10, .00, and 1000

hours, were complied from tests at exposure temperature and at room temperature
*after exposure.

Fracture toughness test data were obtained at room temperature in air. In
addition, fracture t-jughness tests were made on specimens at room temperature
which had been exposed at OOF, 600F, and 800F for periods of 10, 100, and
1iOG houra.

Axial fattige tests were pe•formO, on three of the materials in the longitudinal
direvt1ton using srooth test specimen configurations (Kt = 1.0) and notched test
specimen configurstione (Kt - 3.0). The tests were run at room temperature at
stress ration of R - 1.0, -0.3ý 0 and 40.3 where:

Minim- Stress

Test conditions for the complete program are shown in Tables II-I through 1.1-6.

~72-
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Section III

TEST SPECIMENS

Contained within this section are the; (1) test specimen identification
* codes, (2) test specimen sampling, (3) test specimen configurations

and (4) test specimen preparation procedures.

Page

Test Specimen Identification Codes 80 - 81

Test Specimen Sampling 82

Test Specimen Configurations 84 - 95

Test Specimen Preparation 96
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SECTION III

TEST SPECIMENS

3.1 SPECIMEN IDENTIFICATION CODES

A typical test specimen identification would be as follows: TVIZLTRl. In
general, test specimen code numbers will bave the above form with each letter
or number having a specific meaning as indicated below:

Th%. letter "T" or "R" indicates the producer which are Titanium Metals Corp.
and &eactive Metals, inc.

The next letter in the coding system iidicates the alloy:

A - Ti-6AI-4V (Cond. STA)
V - Ti-6AI-6V-2Sn (Cond. A and STA)
C - Ti-13V-llCr-3Sn (Cond. A or ST)
M - Ti-4AI-3Mo-IV (Cond. A)

The following number in the coding sequence identifies the heat number for
the particular alloy. There can be as many as 10 heats.

The next letter in the coding sequence relates to the gage of material being
tested. In this regard these letters have been utilized in the following
manner:

X - Gages of Material < 0.250 In.
Y - Gages of Material - 0.630 In.
Z - Gages of Material Ab 1.000 In.

The above applies to both sheet and plate stock gages with all sheet specimens
using the X designation.

The next letter indicates test specimen orientation in relation to the rolling
direction marked on the raw stock. The directions test specimens were
taken are as follows:

L - Longitudinal (parallel to the rolling direction)
T - Transverse (perpendicular to the rolling direction)
S - Short transverse (through the thickness of the heavy gage plate)

LE - Refers to bearing specimens only, with the test specimen being
taken on edge parallel to the direction of rolling

TE - Refers to bearing specimens only, with the test specimens being
taken on edge perpendicular to the direction of rolling

-80-
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The next letter refers to the type of test which is to be performed. The
following indicates the types of tests:

T - Tension
C - Compression
S - Shear

B1 - Bearing e/D = 1.5
B2 - Bearing e/D = 2.0

F - Fracture Toughness
V - Fetigue
W - Room Temperature Stability
X - Elevated Temperature Stability

Where a stability test is indicated, the type of stability test is identified,
i.e., (X) with the type of test specimen following, i.e., (T) tensile.

The next to last letter or number in the coding sequence refers to the test
temperature or the exposure temperature:

R - Room Temperature
4 - 4OOF
6 - 60OF
8 - 800F

The last number in the sequence reflects individual specimen replication
(i.e., 1, 2 and 3).

Miscellaneous notations and exceptions to the coding system: The last number
in the coding sequence of the thermal stability test specimen refers to the
exposure time rather than specimen replication. In this regard:

1 - 10 hours exposure
2 - C00 hours exposure
3 - 100 hours exposure

An example of the coding system is shown in the diagram below:

T V I Z TT6Tettmeaue60)
Specimen replicationi , , •Test temperature (600F)

I- .Type of test (Tensile)

SSpecimen direction (Transverse)

* • Gage of material tested ( 1.000 In.)

-- Heat of material tested (Heat 1)

Alloy tested (Ti-6AI-6V-2Sn)

SProducer (Titanium Metals Corp.)
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3.2 SPECIMEN SAMPLING

Due to the fact that most of the test material was received from the two
suppliers as bits and pieces, the layout of test coupons was necessarily
dictated by the size of the piece of material. A typical test specimen
layout for one of the sheet gage heats is shown in Figure3-1. As can be seen,
removal of committed test coupons resulted in a minimum of surplus material.
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V 3.3 SPEC24W CONFGURATION
Typical test specimen configurations used on thia program are shown in
Figures 3- 2 through 3 -12 . The configurations selected were tailored
to material sizes available. The use of sub size specimens were avoided
with the exception of those test specimens taken in the short transverse
direction (through the thickness) of the heavy gage plate stock and the

round bar fatigue tests. All test specimens conform, where applicable,Ii ~to AST1Y Standards.
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FIG. 3-5 .
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I. FIG. 3-8
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FIG. 3-12

2.00 NOTES:

W 1. Coupons are nominally 0.25 in.
thick. In order to meet the

4 specimen thickness callout
tan equal amount of material
i 1.00 shall be removed from both• an qualamouth couponeia

surfaces of the coupon

O.SOO B = 0.230 ±.001 (see Note 1)

B = Specimen Thickness

D = Pin Hole Diameter
0.18 0

Clearance drill and
ream for 0.625 Dia.
Pin 2 holes as shown

M < 0.75
0

L/W >3
2 < W/B<12

0.20< o/w < o.4o

KIC2 =[-I- P)2 )[759 a 32 ()2 + 117 (0)31

2
a0=00 + KIC In All Cases

Figure 2 Reconmanded Single-Edge-Notch Tensile Specimen Geometry
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3.4 SPECIMEN PREPARATION

3. Every effort was made to insure that the variations in test results would
15,1- due -C =t-trial propirtiŽn, b. reou•.• Ing t.dl.rg close test specimen
machining tolerances. The conditions for machining were carefully chosen
to provide a minimuma of distortion and surface defects which might influence
the resulting test data, Additionally, care was exercised to insure that
the material was not overheated during any of the cutting or machining operations.

1
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Section IV

TEST EQblPME~r

Y-.d~neo withins this section are the various pi'ces cf -.eat equi-,ent usedI~ ~ in his 4rivestigation,
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SECTION IV

TEST EQUIPMENT

S4.1. A, IC T

*- 41.1 Load inp AnDaratu

The loading apparatus used in the performance of tension, compression, bearing,
shear, fracture toughne~ss, and stability tests, are as follows:

One Instron Univeral Testing Machine - 10,000 capacity
One Instron Unit• .'sal Testing Machine - 20,000 capacity
One Baldwin-Lima-Familton Universal Testing Machine - 50,000

capacity
One Baldwin-Lime-Hamilton Universal Testing Machine - 120,000

c. tpacity
One R~nhle Un1versal Testing Machine - 120,000 capabity

All of the above mentioned machines are equipped with strein-rate pacers
and autographic recorders.

41.2 Extensometers

Weideman Dual Range Extensometer, Model TSMD
Weideman Dual Range Extensometer, Model KSMD
Weideman Averaging Type Extensometer, Model P3-SM
Weideman Averaging Type Extensometer, Model PS-3MH
Instron Strain Gage Extensometer, Model G-51-12
Instron Strain Gage Extensometer, Model G-51-1i
Baldwin Strain Beams, Model SB1E
Aminco-TucItrman Optical Strain Gage System

* - With the exception of tha Tuckerman optical strain gage system, the above
]1sted extensometers and strain gage extensometers were used with autographic
recording equipment which are built in to the various Universal testing
rachines to Mesure load versus deformation.

4 1.3 Fnaces

The furr.aces used for achieving the static elevated test temperatures are
as f3llows:

(1) Pacific Scientific Forced Air Furrnace - 140OF capability
HT'ireywell-Brown "Electronik" recorder controller

(2) Hevi-Duty Split Tube Radiant Furnace - 2000F capability
hTeelco prrometer controllers

(3) Messimers Circulating Air Chamber - O00OF capability
Brown proportional co-ntroller

(4) NR/LAD bxilt Split Tube Radiant Furnaces - 2000F capability
Jheelao pryromoter controllers
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The furnaces used for thermal stability exposure work were:

(1) Pacific Scientific Forced Air Furnaces - 140OF capability
Honey-well-brown IPry-O-Vane controllers

(2) Arcweld Radiant Tube "Dial-O-Matic" Furnace - 2000F capability
Honeywell-Brown controllers

The furnaces used for heat treating the Ti-6AI-6V-2Sn material to Cond. STA
are as follows:

(1) Hevi-Duty Radiant Furnace - 2100F capability
Leeds and Northrup controllers

(2) Pacific Scientific Forced Air Furnsces - 140O0F capability
Honeywell-Brown controllers

4.2 FPTIGU TESTS

The fatigue test machines used to construct the Goodman Diagrams included:

(1) Amsler Vibraphone Fatigue Machine - 22,000 Lb. capacity,
60 - 3o0 CPS

(2) 0-ildwin-Sonntag Fatigue Machine - 10,000 Lb. capacity (has a
c:l load multiplier 50,000 Lb.),
30 CPS

(3) Krouse Direct Stress Fatigue Machine - 50DLb. capacity (has a
2;i, load multiplier, 10,000 Lb.)

NOTE: The fracture toughness tests were pra-cracked using th'e above listed
Krouse Direct Stress Fatigue Machine
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Section V

TEST PROCEDURES

"Contained within this section are the procedures utilized for the various
mechanical ,7operty tests perfor.mued in this investigation
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* Compression Tests 102

Te-aring Tests 103

Shear Tests 104

"Fracture Toughness Tests 105

Metallurgical Stability Tests 105

t Fatigue Tests 106
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SECTION V

TEST PROCEDURES

5.1 TENSILE TESTS

Tensile tests on the subject program were performed using a Riehle, Baldwin-
Lima-Hamilton, and Instron Universal test machines which are fully equipped
with autographic recorders and automatic strain pacers. These machines are
calibrated at least once each year to the appropriate ASTM Standard to ensure
loading accuracy.

Tensile specimens tested at the indicated elevated temperatures wre heated
by means of a Pacific Scientific forced air furnace that has a capability
of 14OOF and tube radiant-type furnaces that have a temperature capability
of 200F. All furnaces are capable of maintaining ± 5F over a 2-inch gage
length.

Specimen temperature measurements were made by means of 20 A.W.G diameter
cbromel-alumel thermocouples attached to the center of the test specimen
and calibrated potentiometers for obtaining emf readings.

All measurements of individu&l specimens for area determinations were made
using a calibrated micrometer capable of measuring * 0.0001 inch of the
nominal specimen dimension. A minimum of five width and thickness measure-
ments were taken over the individual specimens' gage length for the
cross-sectional area determination.

Determination of the tensile yield strength and the elastic modulus of each
individual specimen tested were performed by attaching a Baldwin-Lima-Hamilton
or an Instron strain gage extensome+er to the gage length of the test -pecimen.

An automatic strain pacer was used to monitor the induced strain to the
tensile yield strength. A strain rate of 0.005 in./in./min. was maintained
up to the yield strength. After yielding occurred, the loading rate was
increased so as to produce failure of the specimen in approximately one
minute.

In addition to the autographically recorded load-elongation graphs, P limited
number of stress-strain plots were made, using 1.cker'man optical strain
gages. This instrument conforms to ASTM E83-57T, Class A, requirements which
limit the maximum error of indicated strain to 0.00001 or 10 times as limiting
as the requirements specified for Class B-1 extensometers. Data generated
using this instrument serves as a base line for comparing subsequent test
data obtained using the conventional autographic extensometers.

Typical full range stress-strain curves for each of the materials tested
in conjunction with the precision elastic modulus obtained for the various
materials are reported in Section VII of this report.

Typical room temperature and elevated temperature tensile setups are shown
in Figures 5-1 and 5-2, respectively.
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5.2 COMPRESSION ISTS

Compression testing of the four materials was accomplished by employing
a compression subpress in conjunction with a Universal-type tc~ting machine.
One of the compression subpresses used was designed and built at HR/LAD, and
employs a rigid frame containing a lower carbide loading anvil which is parallel
to the bed of the testing machine. Within the frame, a sliding plunger is
contained which accommodates the upper carbide loading anvil. The plunger
is rigidly aligned within the support frame by the use of low-friction graphite
plugs.

Specimen side support is provided by a plate assembly made up of small car-
bide balls backed up by a carbide plate with the balls protruding through
a front retaining plate in which the holes for the balls are large enough
to allow rotation and translation of each ball while, at the same time, re-
taining the ball within the plate. This method of support provides nearly
frictionless contact even at high temperatures.

A special fixture is used to make gage mark indentations on each side of the
specimen into which the hardened points of the extensometer arms fit. The
extensometer arms pass through an access hole in the bottom of the subpress
frame and, in turn, are connected to a common lines! differential transducer
located in an ambient temperature zone. The extensometer system used meets
ASTM Standard E83-57T, Class B-I, requirements.

The HR/LAD built compression subpress has proven to yield exceptionally
reliable and highly reproducible compressive yield strengths as well as
elastic moduli on a variety of materials tested in it from room temperature
to 13OOF. Vaterials with known moduli have been tested and the results ob-
toined from the subpress agree remarkably well with the known values. The
reproducibility of the subpress has been demonstrated time and again or large
VR test programs where replication of test effort has been necessary.

Ele'ated temperature compression testing is provided for by a specially
constructed resistance wound furnace, which is designed so that the elements
are in close proximity to the subpress body. Temperature uniformity ismeasured by three thermocouples inserted in the side support plates adjacent
to the specimen. The test machine employed)temperature m.surement and
specimen measurement techniques, as well as strain pacing, paralleling those

described for the tensile. All compression tests were condu-ted in accordance
with ASTM E 209-63T. Figure 5-3 shows the NR/LAD built compression subpress.

S~- iO- -



5.3 BARINT

Bearing tests on the program were performed using a Universal--type testing
machine and a bearing fixture. One of the fixtures used, Figure 5.4, acconmo-
dates the bearing test specimen and is basically an adjustable clevis that
contains the loading pin as well as providing for appropriate deformation
measurements.

When the specimen is in place within the test fixture, the extension arms em-
ploying point contacts, locate on the sides of the bearing test specimen.
When a load (tension) is applied, the relative displacement occurring between
the pin, which is an integral part of the test fixture, and the pickup arms
located on the sides of the test specimen is transferred to a linear differential
transducer. The obtained signal is, in turn, fed into the test machine's
autographic recorder, providing the necessary load-deformation plots necessary
to obtain the 2 percent bearing yield strength.

The bearing fixture itself is made from Haynes 25 and contains carbide bush-
ings that accommodate the loading pin. The loading pins themselves are
fabricated from hot work die steels, heat-treated to the 280 - 300 Ksi range
to resist brinelling during test.

Temperature measurements were made by attaching a therrocouple to the test
specimen in the area of the pin.
Elevated test temperatures were achieved using a tube furnace previously

described in the Tensile Test section,

All bearing tests were performed in accordance with ASTM E ?334-64T.

I
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Shear tests on the subject program were accomplished using an hR/LAD-built
double shear subpress, shown in Figure5-5. A Universal-type testing machine
previously described provided the necessary loading requirements.

The shear subpress is basically a rigid frame containing the necessary load
bearing edges which are carbide, and provides the required lateral restraint
of the sheet shear specimen during test. Contained within the frame is a
plunger which, in turn, is placed within the frame. By applying a compressive
load, the subpress imparts a double-shear load condition to the restrained
specimen. 'When the shear subpress is properly adjusted, the respective carbide
load bearing edges, contained within the plunger and frame, pass within I/100
of an inch of each other during tests. It has been NR/LAD experience that
this subpress provides highly reproducible and reliable shear test data.

NR/LAD has tried a variety of shear test specimens and fixtures in an effort
to obtain consistent and reliable shear property data. Methods tried and
discarded after proving unsatisfactory have included the conventional single-
shear tension sheet specimen as we well as fixtures which test specimens in
single shear. The double-shear subpress described has proved superior to
the various other methods explored so far as producing both reliable and
reproducible shear test data.

Elevated test temperatures were achieved using a specially constructed
resistance-wound furnace designed for use with the shear subpress. Tempera-
ture measurements were made from a thermocouple which is inserted into the
subpress in very close proximity to the test specimen.

Since only ultimate load was determined, no deformation measurements were
made.

Specimen measurement techniques paralleled those described for the ten3ile
tests.

The single-shear ultimate strength was derived from the double shear load
by merely taking half the failing load and dividing it by the cross-section;l
area of the spec'men.

The shear tests performed were in accordance with ARTC 13-S-1 detail
requirements.
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5.FRACTURE TOUGHNESS TESTS

The fracture toughness test used to obtain plane strain (Kic) values for
the four titanium alloys employed the single-edge-notch tension-type speci-
men. Selection of this configuration was based on several considerations:
First, and most important, specimens conforming to this configuration yield
correct and consistent Kic values, References 1 and 2 . Secondly, while
this configuration provided the necessary plane strain test data for the
program, it also he3 the advantage of substantial material economy.

Precracking of the individual test specimens to the desired predetermined
depth was accomplished using a fatigue machine. The total depth of the
sawed crack, plus that induced by fatigue (natural crack), will equal approxi-
mately one third of the specimen width, with the sawed crack depth being
equal to or less than 0.75 of the total crack depth. Crack growth induced
by fatiguing was carefully monitored by means of a binocular microscope.

Tension testing of the precracked fracture toughness test specimens was
performed using a Uiiversal-type testing machine. Load deflection curves
were obtained for each specimen tested using a Class B-1 extensometer applied
to the edge of the specimen across the crack zone as a compliance gage. A
cross-head speed of .05 In./Min. was used for the fracture toughness tests.
Upon completion of testing, the load versus deflection plots were analyzed
for "pop-in" load. Kic values were then determined by means of the follow-
ing relationship:

= [i 2] ( )2 7.59 W - 32 ( V17( )3

where.
B = specimen thickness

a = crack length at "nop-: n" (in)
w = specimen width •:n)
Y = Poisson's ratio

All of the fracture toughness testing was conducted at room temperature
and was limited to the l/4-inch thick materials.

56 METALLURGICAL STABILITY TESTS

The effect of exposure to selected elevated temperatures for prolonged
periods of time was deterrined for the four selected alloys using tensile

and fracture toughness tests as the measuring criteria.

Tensile test specimens of the appropriate configuration were exposed to
elevated temperatures of 40OF, 600F, and 800F for time durations of 10, 100,
and 1000 hours. After exposure, some of the test specimens were tested at
room temperature with the remaining being tested at the elevated temperatures
at which they were exposed.
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Fracture toughness test specimens were exposed at 400F, 60OF and 80OF for
10, 100, and 1000 hours, and tested at room temperature after elevated
temperature exposure.

Test equipment, fixtures and procedures for each type of test are described
in the preceding text.

5.7 FATIGUE TEST

Fatigue tests were performed on the subject program using the equipment
described in Section IV. All tests were at room temperature, employing
both smooth and notched (Kt = 3.0) fatigue test specimen configurations.
Four minimum-to-maximum stress ratios (R factors) were used. These were
R = -1.0, R = -0.3, R = 0 and R = 40.3. The stress levels were varied
within a group of specimens so that S-N curves could be constructed. From
the various 3-N curves generated for the four R factors for a given alloy
and Kt, constant life diagrams were then constructed. A photograph of
one of the fatigue test machines employed in this investigation is shown
in Figure 5-6.
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Fig 5-1
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Fig 5-2
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Fig 5-4
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Section VI

SiP4MARY AND ANALYSIS OF TEST RESULTS

Contained within this section are the statistical analysis procedures used
to obtain the "A" and "B" Design Allowables, in addition to sumnary tables
of the test results obtained in this investigation.
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D;ta Presentation 116 - 118

Populatioris Used to Obtain Allowables 119 - 124

3ummary of Room Temperature 'Vest Results 125 - 132
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6.1 a = STATISTICAL ANALYSIS - R.T. DESIGN ALLOWABLES

This analysis was accomplished in accordance with '4MIL'DBKM-5 Guidli.ies
for the Presentation of Data", AFML TR-66-3a Battelle Memorial Institute.

The mechanical properties presented here are identified by a letter (i.e., A
or B) to indicate the basis upon which they were established. An "A" value is
the propirty above which 99 percent of the population is expected to fall with
a confidence of 95 percent. A "B" value is the property above which 90 per-
cent of the population is expected to fall with a confidence of 90r percent.

There are two methods of obtaining these values and they are:

1. Directly Calculated Values - The directly calculated "A" values are ob-
tained Fs follows:

"A" value = x - KSx

Where =
n

1/
(n -)

where x i.n the average value of individual measurements, Sx standard deviation
of individual measurements, n the number of individual measurements and K,
the one-sided tolerance factor for normal distribution and specified prot.-bility,
confidence, and population (i.e., for "A", K = K.q99, .95' n)"

The "B" values are calculated as follows:

'B' value x - KSx

Where K - K 9 0 , -95' n

The values of K were obtained from the table "One-Sided Tolerance Factors for
the Normal Distribution and a Confidence of .95", in Tables of Normal Pro-
bability Functions in above referenced document.

An additional requirement is that the population, n, must consist of at least
100 potnts from-a minimum of ten different heats of material. Because of the
scarcity of available data, this requirement usually can be satisfied for
room temperature tensile ultimate and yield only.
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2. Derived Values - These value-. '•e established through their reletion-
ship to directly calculated "A" or 7B" values of Ftu or Ft as obtained in
the foregoing section. This method consists of pairing in'ividual ultimate
strength values (i.e.,Ft F Fu *•Ath individual tensile ultimate
strength values, or indivhuafUyie~alswrengtU values (i.e., Fty, Fbry) with
individual tensile yield strength values, determining the mean ratio of
these pairs with a probability of 95 percent and multiplying the directly
calculated "A" or "B" values of Ftu or Fty by this 'rctor. Derived values
are therefore equal to:

- t. 0 5Sp) Ftu (A or B)

or (U-t t05S-) Fty (A or B)

where r =
n

and t .05 is the two-sided tolerance factor for the "t" distribution, a
probability of 95 percent and the population, n, involved. The values of
t .05 were obtained from a table in the referenced document. The derived
values of the mechanical properties have the same validity (A or B) as the
values of Ftu or Fty used in equations (4) and (5). Ten pairs of measure-
ments (n = 10) are The minimum for establishing a derived allowable.,

LIST OF STATISTICAL SYMBOLS

A "A" basis for mechanical property values
B "B" basis for mechanical property values
K One-sided tolerance factor for the normal distribution and the

speiified probability, confidence and population
n1 The number of individual measurements or paired measurements -

population
r Ratio of tuo paired measurements
F ratio of two paired measurements
SE Standard error of pairect measurement ratios
Sx Standard deviation of individual measurements
r Two-sided tolerance factor for the "t" distribution and the

specified probability and population
x Value of an individual measurement
x The average value of individual measurements
X7 The summation of
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6.2 DISCUSSICI4 OF ROCA. TEMPERATURE ALLOWABLES

The values of all the mechanical properties for the Ti-h.Al-3Mo-'V Cond. A
sheet, Ti-6AI-4V Cond. STA plate, and Ti-6AI-6V-2Sn Cond. A and STA plate ' re
presented as "S" values. This was a result of insufficient quantities of
producers and users test data being supplied to NR/LAD during the solicita-
tion of data phase of the subject contract. It should be noted that NR/LAD
solicited the industry for test data applicable for the alloy covered in
th.- scope of this contract. Much of the data obtainei as a result of
solicitation could not be used because of it not being the proper gage
range, wrc g condition, or inadequately identified co confidently be used.

The desired property values (i.e., all properties except Ftu, Fty and e)
for all alloys are limited because only five ratios were used to obtain
each value, while a minimum of ten ratios is required by the MIL-HDBK-5
Guidelines.

The Ftu, Fty and e values for the Ti-13V-llCr-3A1 sheet alloy are valid "A"
and "B" values to the extent that -ufficient number of test data were avail-
able to establish valid statictical values; however, all test data reflect
one producer only. Additionally, rmch of the applicable data was obtained
in summary form which did not show the distribution. Therefore, a test for
normality could not be made.

Table VI-1 to VI-4 indicate the populations and other pertinent information
used in calculation of the allowables.

6.3 DATA PRESENTATION

6.3.1 Effect of Temperature Curves

These curves are presented as Per Cent Strength at Room Temperature vs Test
Temperature. The procedure used to obtain these curves iL as follows:

a. Plot the individual values for the property at each temperature.

b. Indicate the average value at each temperature.

c. Draw the curve passing through the average at rooxr temperature
and either the average or 5 percent abo,;e minimum value, which-
ever is lowest, at each elevated temprature.

d. Obtain the curve value at each temperature as a percents:e of
the curv-e value at room temperature.

e. Plot the per cent values and fit the curve.

To obtain in a smooth curve in step (e), engineering judgement was used and
the curves do not necessarily pass through the stated values at each
temperature.
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6.3.2 Effect of Exposure Curves

These curves are presented in "Per Cent Strength at Room Temperature vs
Exposure Temperature"; they show the effect on the propexties of specimens
tested at room temperature after exposure to elevated temperature. These
curves are drawn using the same technique described above.

The working curves (steps (a); (b), and (c)) can be found in the Appendix.
Where aging has occurr 1 and strength has increased with either temperature
or exposure time, as in the case of Ti-13V-llCr-3A1, a dashed line indicates
this phenomena. In accordance with the MIL-HDBK-5 Guidelines, the working
curve is drawn so that strength is not shown to increase with either temp-
erature or exposure time.

6.3.3 Stress-Strain Curves

The method used to obtain these curves is as follows:

a. For each alloy and at each temperature, select several well
defined typical curves.

b. Measure the plastic strains at different percentages of the
yield strength and compute the average plastic strain at
each percentage.

c. Select the modulus values to be used: at room temperature
use the value obtained by precision modulus measurements
made in this program; at elevated temperatures obtain a
value from data contained in MIL-HDBK-5, where available,
or from data generated in this program.

d. Use the average value for the yield strength at room temp-
erature; find the elevated temperature average yield
strengths using the appropriate "Effect of Temperature"
curve and the room teTperature value.

e. Draw the straight line portion of the curve using the selected
modulus; add the plastic strain and the elastic strain at the
percentages of the yield strength chosen in step (b) to obtain
the remainder of the curve.

6.3.4 Constant Life Diagrams

The fatigue constant life diLagrams presented in Section VII for the test
materials were constructed from the S-N curves contained within the Appendix.
Engineering judgement was exercised in the construction of cu,,stant life
diagram to smooth out some of the humps.
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6.3.5 Fracture Toughness Tests

The fracture toughness test results are presented in Section VII
in tabular form. As there is no standardized treatment of these
test data listed within the "Guidelines" for inclusion into
?MIL-•DBK-5, pertinent detail test data is included along with the
computed fracture toughness values. No attempt was made to
amuarize either the fatigue or fracture toughness test data.

6.3.6 Suimmary of Room Temperature Test Results

A summary of room temperature test results for the various material-. tested
are presented in Table VI-5 to VI-9. The summary presents averaged test
values for the -arious mechanical property tests performed with the
exception of the fatigue tests and plane strain fracture toughness tests.

1

1.
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6.4 POPULATIONS USED TO OBTAIN ALLOWABLES

-I

Table VI -1

Ti 4AI-3Mo-IV Condition A
Material Form Values * .
and Property Direction Obtained Method Pairs Heats Ve~idors- SZclmens

Sheet
L S Direct I 3 19
LT S Direct 8 3 17

Fty L S Direct 9 3 19
LT S Direct 8 3 17

Fcy L S Derived 6 6 2 6
LT S Derived 6 6 2 6

Fsu L S Derived 6 6 2 6
LT 2 2 2

FB,, (e/D=1.5) L S Derived 6 6 2 6
LT 2 2 2

,e/D=2.0) L S Derived 6 6 2 6
SLT 2 2 2

-Fby (e/D~l.5) L S Derived 6 6 2 6
LT 2 2 2

e S Direct 93 36

* See 6.2 for discussion of the validity of these values.

• * Direct "S" values were taken from MIf,-T-9046.
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6.4 (continued)

Table VI -2

Ti 13V-UlCr-3AI Condition A
Material Form Values *
eana Property Direction Obtained Method Pairs Heats Vendors Specimens

Sheet
Ftu L A & B Direct Unknown 1 4385

LT A & B Direct Unknown 1 2929

Fty L A & B Direct Unknown 1 4385
LT A & B Direct Unknown 1 2929

i Fcy L A & B Derived 4 4 1 4
FcyLT A & B Derived 5 5 1 5

Fsu L A & B Derived 5 5 1 5
LT 1 1

Fbru (e/D=l.5) L A & B Derived 5 1 5

LT 1 1 1

S(e/D-2.0) L A & B Derived 5 15
LT 1 1 i

Fbr(e/Dl.5) L A & B Derived 5 1 5
LT 1 1 1

(e/D=2.O) L A & B Dcri-ved 5 5 1 5
LT 1 1 1

e L A Direct Unknown 1 2828
LT A Direct Unknown ! 2962

* See 6.2 for discussion of the validity of these values.

t
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6.4 (cont'd)

Table VI- 3

iT 6Al-4V Condition STA
Material Form Values**
and Property Direction Obtained Method Heats Vendors Specimens

Plate
.250 to .300
Ftu L S Direct 15 2 33

LT S DIjrect 13 2 29

Fty L S Direct 15 2 33
LT S Direct 13 2 29

Fcy L 3 2 3
LT 3 2 3

Fsu L 3 2 3
LT 2 2 3

Fbru (e/D=1.5) L 3 2 3
LT 2 2 2

(e/]=2.o) L 3 2 3
LT 2 2 2

Fbry (e/DLl 5) 3 2 3LT 2 2 2

(e/D=2.0) L 3 2 3

LT 2 2 2

e S Direct 15 2 62

Plate
.500 to .630

tuL S Direct 20 2

LT S Direct 11 2 21

Fty L S Direct 20 2 35
LT S Direct 11 2 21

Fcy L 3 2 3
LT 3 2 3

Fsu L 3 2 3
LT 1 1 1

Fbru (e/D=1.5) L 3 2 3
LT 1 1 1 i

** Direct "S" values were .aken from MIL-T-9046.
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6.4 (ont'd

Table VI-3 (Cont'd)

Ti 6'Ai-4V Condition STA
Material Form Values **
and Property Direction Obtained Method_, Hepts Vendors Specimens

(e/D=2.0) L 3 2 3
LT 1 1 1

Fbry (e/D=l.5) L 3 2 3
LT 1 1 1

(e/D=2.O) L 3 2 3
LT 1 1 1

e S Direct 20 2 56

Plate
•.750 to 1.000

Ftu L S Direct 5 2 27
LT S Direct 5 2 27

Fty L S Direct 5 2 27
LT S Direct 5 2 27

Fcy L 2 2 2
LT 2 2 2

Fsu L 2 2 2
LT 1 1 1

Fbru (e/D=l.5) L 2 2 2
LT 1 1 1

(e/D=2.0) L 2 2 2
LT 1 1 1

Fbry ( e/Drl. 5) L 2 2 2
LT 1 1 1

(e/D=2.0) L 2 2 2
LT 1 1 1

e S Direct 5 2

Plate
1.200 to 1.500

,Ftu L S Direct 9 2 16
LT S D4rect 9 2 16

Fty L S Direct 9 2 16
LT S Direct 9 2 16

e Direct 9 232

* Direct "S" values were taken from - 122 -

MIL-T-9046.



6.4 (contd)

TabW VI -I

Ti 6AI-6V-2Sn Condition A
Material Form Values *

and Property Direction Obtained Method Pairs Heats Vendors Specimens

Plate
.250 to .300

Ftu L S Direct 7 1 15
LT S Direct 7 1 15

Fty L S Direct 7 1 15

LT S Direct 7 1 14

Fcy L S Derived 5 5 1 5
LT S Derived 5 5 1 5

Fsu L S Derived 5 5 1 5
TT 1 1 1

Fbru (e/D=l.5) L S Derived 5 5 1 5
LT 1 1 1

(e/D.2.0) L S Derived 5 5 1 5
LT 1 1 1

Fbry (e/D=l.5) L S Derived 5 5 1 5
LT 1 1 1

(e/D=2.0) L S Derived 5 1 5LT 1 1

e S Direct 7 1 30

Plate
.500 to .630

Ftu L S Direct 6 1 12
LT S Direct 6 1 12

Fty L S Direct 6 1 12
LT S Direct 6 1 12

Fcy L S Derived 5 5 1 5
LT S Derived 5 5 1 5

Fsu L S Derived 5 1 5
LT 1 1 1

See 6.2 for discussion of the validity of these values
• Direct "S" values were taken from MML,-T-9046.
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6.4 (cont'd)

Table VI - 4 (cont'd)

Ti 6A1-6V-2Sn Condition A

Material Form Values
and Property Direction Obtained Method Pairs Heats Vendors Specimens

PlateI
.500 to .630

Fbr (e/D=1.5) L Derived 5 5 1 5
LT 1 1

(e/D=2.0)I L S Derivedi 5 5 1 5

Fbry (e/D=i.5) T. S Deriv"ed! 5 5 1 5LT 1 1 i

S(e/D=2.0): L S Derived 5 5 1 5
LT 1 1 1

e S Direct 6 1 24

Plate I•- ~21.50

Ftu L S Direct 5 1 10
LT Direct 5 1 10

Fty L S Direct 5 1 10
LT S Direct 5 1 10

L S Derived 5 5 1 5
LT S Derived 5 5 1 5

Fe L S Derived 5 5 1 5
LT 1 11

S Fru L S Derived 5 1 5
eLT 1 1 1

S(e/D=2.0) I L S Derived 4 4 1 4
LT 1 1 1

Fbry(e/D=1l.5) LT 1 1 5 1

(e/D=2.0) L S Derived 5 5 1 5

SI LT }1 1 1

e S Direct 5 1 20

• * )Direct "S" values were taken from MIL-T-90ii6
* See 6.2 for discussion of the validity of these values
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Table VI- 5

Ti-6A1-6V-2Sn Condition STA
Material Form Values* *
and Property X Direction Obtained Method Pairs Heats Vendors Speimens

Plate I•
.500 to .630

Ftu L S Direct 5 1 5
LT S Direct 5 1 5

Fty
ty

Ft L S Direct 5 1 5LT S Direct 5 1 5

Fcy L S Derived 5 5 1 5
LT S Derived 5 5 1 5

Fsu L S Derived 5 5 1 5
LT 1 1 1

Fbru (e/D=1. 5) L S Derived 5 5 1 5
LT 1 1 1

(e/D=2.0) L S Derived 5 5 1 5
LT 1 1 1

Fb• (e/D=1.5) L S Derived 5 5 1 5
LT 1 1 1

(e/D=2.0) L S Derived 5 5 1 5
LT 1 1 1

e S Direct 5 1 10

_>1.50
Ftu I. S Direct 1 5 1 5

LT S Direct 5 1 5

Fty L S Direct 5 1 5
LT S Direct 5 1 5

Fcy L S Derived 5 5 1 5
LT S Derived 5 5 1 5

Fsu L S Derived 5 5 1 5
LT 1 1 1

* See 6.2 for discussion of the validity of these values.

** Direct "s" values were taken from MIL-T-9046.
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Table VI- 5 (cont.nued)

[ ~ Ti 6A1-6V-2Sn Condition STA

Material Form Values *
-and Property Direction Obtained Method Pairs Heats Vendors Specime

SFbx (e/D-l.5) L S Derived 5 5 !
LT 1 1

(e/D-2.o) L S Derived 5 5 1 5
LT 1 1

Fbry (e/D1-.5) L ' Derived 5 5 1 5
LT 1 1 1

(e/D-2.o) L S Derived 5 5 1 5
LT 1 1 1

e S Direct 5 1 10

* See 6.2 for discussion of the validity of these values.

Direct "S" values were taken from MIL-T-9046.
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Table VI - 6

SUMMARY OF ROOM TEM4PERAT U¶"RE TEST RESULTS

Ti 4AI-3Mo-lV Annealed Condition

Property Thickness Direction No. of Testsj Property Value *

Tensile Ultimate L 6 131.1
Strength .110 ll

- _________LT 6 136.7

Tensile Yield L 6 124.2
Strength _ .110

(KSI) LT 6 132.8

Compressive Yield L 6 127.6
Strength -. 110

(KsI) LT 6 136.3

Bearing Ultimate L 6 210.8
Strength (KSI) • .110
e/D = 1.5 LT 2 219.7

Bearing Ultimate L 6 277.3
Strength (KSI) _ .110
e/D = 2.0 LT 2 283.9

Bearing Yield L 6 171.4
Strength (KSI) .110
e/D = 1.5 LT 2 177.9

Bearing Yield L 6 202.9
Strength (KM1) - .110
e/D = 2.0 LT 2 218.6

Siienr Ultimate L 6 82.8
Strength (KSI) 11 .11 LT 2 84.2

• 'werage value for more than 1 test.
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Table VI -7

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti l_3V-llCr-3AI Annealed Condition

'roperty Thickness Direction No. of Tests Property Value *

Tensile Ultimate 'E.1i0 L 5 135.3
Strength

(KSI) LT 5 137.8

Tensile Yield i.ll0 L 5 134.6
Strength

(KsI) __LT 5 136.9

Compressive Yield L 4 132.3
Strength .5 .110
(KSI) LT 5 137.2

Bearing Ultimate L 5 221.5
Strength (-CSI) S1.ll0
e/D = 1.5 .. LT 1 224.0

Bearing Ultimate L 5 303.4
Strength (KSI) :L .110
e/D = 2.0 LT 1 311.0

Bearing Yield L 5 173.0
Strength (KSI) S.-110
e/D = 3 5_..... LT 1 176.9

Bearing Yield L 5 192.0
Strength (KSI) i .ii0
e/D = 2.0 LT 1 205.0

Shear Ultimate L 5 96.8
Strength (KSI) -1. 110 LT 1 98.2

• Average value for more than 1 test.
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Table VI- 8

SUMMARY OF ROOM TE4PERATURE TEST RESULTS

Ti 6A1. 4v STA Condition

Property Thickness Direction No. of Tests operty Value *

.250 to .300 L 3 161.4
____________LT 3 167.1Tensile Ultimate LT 6.

TeSi Utite •500 to .630 L 3 175.9
Strength LT 3 178.2

L 2 152.9
S1.00 LT 2 159.0

ST 2 152.9
.250 to .300 L 3 149.7

Tensile Yield LT 3 155.5
Strength .500 to .630 L 3 161.7

(KSI) LT 3 164.5
L 2 1146.2

Ž1.00 LT 2 151.4
ST 2 145.0

.250 to .300 L 3 M57.1Compressive Yield LT 3 176.5
Cmresith .500 to .630 L 3 171.6

SItrength LT 3 166.9
L 2 156.8

_ 1.00 LT 2 158.7
ST 2 153.2

.-20 to .300 L 3 262.9
Bearing Ultimate LT 2 268.8

Strength .500 to .630 E 3 274.1
(KSI) LT 1 274.1

e/D = 1.5 L 2 250.9
> 1.00 LT 1 267.3

LE 1 233.8
TE I 224.0

.250 to .300 L 3 317-9
Beering Ultimate LT 2 330.8

Strength .500 to .630 L 3 339.2
(KSI) LT 1 331.2

2.0 L 2 315.7e/D 2 1.00 LT 1 3311.3
LE 1 310.6
TE 1 299.4

.250 to .300 L 3 222.8
LT 2 232.9

Bearing Yield •500 to .630 L 3 240.2
Strength (KSI) LT 1 240.9
e/D = 1.5 L 2 215.9

z 1.00 LT 1 217.8
LE 1 214.0
TE 1 207.7

* Average value for more than 1 test. 129



Table VI .8 (cont'd)

SUM4ARY OF ROGM TEMPERATURE TEST RESULTS

Ti 6Al-4V STA Condition

Property Thickness Directlion !No. of Tests Property Value *

.250 to .300 L 3 256.0
Bearing Yield LT 2 279.3

Strength .500 to .630 L 3 283.8
(KSI) LT 1 271.7

e/D = 2.0 L "2 1 251.1
LT 1 264.2

1I.OO LE 1 265.8
TE 1 257.3

.250 to .300 L 3 967.
LT 2 105.4

Shear Ultimate .500 to .630 L 3 103.6
Strength LT 1 98.3

(KSI) a 1.00 L 2 95.2
LT 1 102.0

• Average value for more than 1 test.
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Table VI - 9

SUMMARY OF ROOM TEMPERATURE TEST RESULTS

Ti 6A1-6V-2Sn Annealed Condition

Property Thickress Direction. No. of Tests Proper.y Value *

.250 to .300 L 5 161.2S..] LT 5 1 71 .2
Tensile Ultimate .500 to .630 L 5 360.9

Strength LT 5 :63.5
(KSI) L 5 ... 54.6

1.00 LT 5 154.1
ST 5 154.8

.250 to .300 L 5 158.8
LT 5 166.6

Tensiie Yiela .500 to .630 L 5 1513.3
Strength LT 5 160.2

(KSI) L 5 1143.5
1.00 LT_ 5 149.1

ST 5 143.1
.250 to .300 L 5 162.6

LT 5 184.3
Compressive Yield .500 to .630 L 1 5 170.6

Strength LT 5 173.2
(KSI) L 5 161.4

1.00 LT 5 157.5
ST 5 153.6

.25e to .300 L 5 296.8LT 1 274.6
Bearing Ultimate 7500 to .630 L 5 275.5

Strength L 1 264.4
(KSI) L 95 4.1

e/D = 1.5 1.00 LT 1 25,4LE 1 244.9
TE 1 212.9

•50- .30U6 L 5 ... 33'0.8

LT 1 3Avm n3
.500 to. 6g3"0 L 5 34-W-7

LT 1 392.9
Bearing Ultimate L "4 337.6

Strength. 1.00O LT 1 3 27.• 4
(KSI) 12 1 317.4

e/D = 2.0 TE 1 94.5

•Average value for more than 1 test.
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Table VI- 9( cont' d)

SU4MARY OF F X)4 T)M4PERATURE TEST RESULTS

Ti 6AI-6V-2Sn Annealed Condition

Property Thickness Direction No. of Tests Property Value *

.250 to .300 L 5 224.5
LT 1 212.2

Bearing Yield .500 to .630" L 5 230.2
Strength LT 1 222.5

(KSI) 1- 5 218.14
e/D =1.5 1.00 LT 1 217.3

LE 1 215.b
TE 1 200.6

.250 to .300 L 5
LT 1 286.1

Bearing Yield .500 to ,,630 L 5 271,6
Strength LT 1 307.1

(KSI) L 5 264.0
e/D = 2.0 1.00 LT 1 253.4

LE 1 267.7
'TE 1 256.4

.50? tc .300 L 5 99.6
Shear Ultimate LT 1 108.7

Strength . to 630 L 5 106.0
(1KSI) LT 1 108.2

1.00 L 5 102.0
LT 1 105.3

• Average value for more than 1 test.

3,3
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Table VI- 10

SUMMARY OF ROOM TWERATURE TEST RESULTS

Ti 6A1-6V-2Sn STA Condition

Property Thickness Direction No. of Tests Property Value *

.250 to .300 L 1 184.6
LT 1 191.2

Tensile Ultimate .500 to .630 L 5 183.1
Strength LT 5 183.5

(KSI) L 5 187.4
S1.00 LT 5 188.3

ST 5 182.3
.250 to .300 L 1 176.5

LT 1 186.0
.500 to .630 L 5 177.1

Tensile Yield LT 5 176.5

Strength L 5 176.2

(KSI) 2 1.00 LT 5 179.0
ST 5 167.6

.250 to .300 L 1 1".1
LT 1 206.0

Compressive Yield .500 to .630 L 5 188.8

Strength LT 5 188.3
(KSI) L 5 195.14

1.00 LT 5 191.4
ST 5 194.4

250 to .300 L 1 29b.6

.500 to .630 L 5 291.5
Bearing Ultimate LT 1 287.4

Strength L 5 295.4

(KSI) 1.00 LT 1 289.0

e/D - 1.5 LE 1 261.1
_ TE 1 251.7

.250 to .300 L 1 360.4

Bearing Ultimate .500 to .630 L 5 365.2
Strength IT 1 3 50.2

(KSI) L 5 360.6

= 2.0 LT 1 343.7
a1.00 LE 1 350.3

i__ •TE 1 342.5

* Average value for more than 1 test.
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Table VI- 10 (cont'd)

SUMMARY OF ROOM TEWFERATUYRE TEST RESALTS

Ti 6A1-6V-2Sn STA Conditior

Property Thickness Div,--tion No. of Tests Property Value

.250 to .300 L 1 277.7

.500 to .630 L 5 263.5
Bearing Yield _ _ _ _LT 1 265.1

Strength L 5 270.9
(KSI) Ž 1.00 LT 1 266.5

: e/D = 1.5 LE 1 240.0
_TE 1 242.5

.250 to .300 L 1 296.7

.500 to .630 L 5 298.3
Bearing Yield LT 1 298.1

Strength L - 5 304.9

(KSI) > 1.00 LT 1 283.3
e/D =2.0 LE 1 289.4___ 2_._0_TE 1 312.0

.250to .300 107.0

Shear Ultimate .500- to .630 L 5 ln. 8
Strength ,LT 1 u18.oS(KSI) • .CL 1 '5I 114.6

ILT 1 1ii. 0

Average value for more than 1 test.

[
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Section VII

TEST RESULTS

Contained within this section are the results of the various mechanical
property tests performed in this investigation.

Page

Ti-4AI-3Mo-IV Cond. A 135 -8 49

Ti-13V-3ICr-3A1 Cond. A 150- 158

Ti-6AI-4V condl. STA 159 180

Ti-6A1-6V-2Sn Cond. A 181- 205-

Ti-6A1-6V-2Sn Cond. STA 2o6- 226
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7.1 Ti 1&Ai-3Mo-1V Condi A
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